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ARTICLE INFO ABSTRACT
Keywords: Corrosion inhibitors play a vital role in impeding the corrosion process of steel bars within
Steel bar concrete structures exposed to corrosive environments. Nevertheless, conventional corrosion in-
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Corrosion inhibitor
Electrochemical test

hibitors pose environmental risks. In contrast, contemporary studies have explored corrosion
inhibitors that are eco-friendly. However, these inhibitors are burdened by high costs and com-
plex production processes, impeding the widespread application in concrete structures. Conse-
quently, this study presents an innovative solution by incorporating uniconazole, an agricultural
fungicide, as a corrosion inhibitor for steel bars in concrete structures. The steel bars were
exposed to corrosion within a simulated concrete pore solution containing 0.6 mol/L NaCl, both
with and without the presence of uniconazole. The morphology and hydrophilicity of the steel bar
surface were investigated via optical microscope and contact angle experiments. Electrochemical
tests (open circuit potential, potentiodynamic polarization, electrochemical impedance spec-
troscopy, and Mott-Schottky analysis) and X-ray photoelectron spectroscopy were employed to
investigate the corrosion inhibition performance and mechanism of uniconazole. The results
demonstrate that uniconazole elevates the hydrophobicity and contributes to the corrosion in-
hibition of steel bars. Electrochemical test results indicate that as the concentration of uni-
conazole increases from 1 x 10~* mol/L to 1 x 1073 mol/L, the inhibition efficiency likewise
demonstrates a corresponding increase, escalating from around 50 %-90 %. Uniconazole mole-
cules function as mixed-type inhibitors, exhibiting characteristics of both anode-type and
cathode-type inhibitors. The adsorption of uniconazole enhances the stability and thickness of the
passive-adsorbed layer on the steel surface, effectively impeding the charge transfer process and
obstructing the interaction of corrosive substances with the base metal. In summary, the appli-
cation of uniconazole exhibits the highlights of efficient, cost-effective, environmentally friendly,
and the potential for scalable production. This positions uniconazole as a promising candidate for
use as a corrosion inhibitor in the domain of concrete structures.
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1. Introduction

Steel bar is known as an indispensable material in reinforced concrete structures [1], which has a series of advantages: high
economic efficiency, excellent mechanical properties, and a similar thermal expansion coefficient to concrete [2]. In concrete struc-
tures, where the pore solution is characterized by alkalinity (pH between 12.5 and 14), a stable passive film is formed on the surface of
steel bars, protecting the underlying metal from the action of aggressive species. However, in concrete structures, the breakdown of
passive film (also defined as depassivation) can be initiated by aggressive environments, especially in the environment rich in chloride
ions (CI"), such as marine environments, saline environments, de-icing salt environments, etc. [3-7]. In these environments, the
depassivation of steel bars can lead to expansion, corrosion, and even fracture, which raises significant safety hazards, economic losses,
and environmental crises [5,8,9]. As a consequence, the corrosion of steel bars under a Cl -rich environment in reinforced concrete
structures is regarded as a critical durability issue, posing a significant challenge [10].

Numerous studies have consistently demonstrated that the incorporation of corrosion inhibitors at low concentrations into rein-
forced concrete structures is widely recognized as the most effective and cost-efficient strategy for steel corrosion prevention [11-13].
Corrosion inhibitors, categorized as admixtures, demonstrate the ability to effectively prevent or delay the corrosion process of steel
bars [14]. Traditional corrosion inhibitors commonly used in reinforced concrete structures include compounds like triethanolamine
(TEA), benzotriazole (BTA), and their derivatives, etc. [15,16]. These corrosion inhibitors offer several advantages in terms of their
molecular structure [17], such as the presence of electronegative atoms (e.g., O, N, P, and S), unsaturated bonds (e.g., double bonds
and triple bonds), and conjugated functional groups or the benzene ring. These features facilitate the adsorption of corrosion inhibitors
onto the steel surface through mechanisms such as electrostatic interaction or chemisorption [15], effectively retarding the corrosion
process of steel.

However, it should be noted that some of these traditionally employed inhibitors have shown limited effectiveness. Mashal [18]
found that the inhibition efficiency of BTA for steel bars in simulated concrete pore solution (SCPS) containing CI~ was only 70 %.
Additionally, a significant drawback associated with many conventional inhibitors is their toxicity, posing risks to both human health
and the environment. The use of these inhibitors during the concrete mixing process can lead to respiratory irritations, disruptions of
biochemical processes, and interference with enzyme systems within the human body [15,17,19]. Furthermore, throughout the
long-term service life of concrete structures, these inhibitors may pose hazards to aquatic environments and ecosystems [20-22]. In
light of these, several ecological regulations have imposed limitations on the utilization of toxic chemical inhibitors [23].

In response to the increasing demand for environmental protection and the promotion of human health, there has been a growing
emphasis on the development of environment-friendly corrosion inhibitors in recent years. These innovative inhibitors include bio-
polymers [24], ionic liquids [25], fatty acids [26], and plant extracts [27,28]. However, these inhibitors are expensive and challenging
to produce on a large scale. Moreover, concrete structural projects typically exhibit substantial volume and widespread geographical
applications, making it challenging to extensively propagate these inhibitors within concrete engineering. Therefore, it is necessary
and meaningful to explore a novel corrosion inhibitor, which is high-effective, environment-friendly, economical, and suitable for
concrete structures.

Uniconazole, as a broad-spectrum fungicide, is extensively used in both agricultural and horticultural [29]. From a molecular
structure perspective, uniconazole belongs to the same category of organic compounds as BTA, commonly referred to as azole com-
pounds. These compounds are characterized by a five-membered ring structure containing at least two heteroatoms, one of which is
nitrogen. The distinctive molecular configuration of uniconazole, featuring an electronegative nitrogen atom and a benzene ring,
confers advantages in terms of the adsorption mechanism [2]. Furthermore, as an agricultural fungicide, uniconazole also possesses a
set of pivotal characteristics that present significant potential for its extensive integration into large-scale concrete engineering pro-
jects. Firstly, uniconazole is readily available in the market, as it is produced by numerous pesticide manufacturers. Secondly, its
competitive pricing makes it as an attractive choice compared to other fungicides and pesticides [17]. Lastly, uniconazole is known for
its environmentally friendly properties, which further contribute to its popularity. The distinctive attributes of uniconazole present
promising prospects for utilization as a highly effective, environmentally friendly, cost-effective, and readily deployable corrosion
inhibitor in concrete structures.

This study focuses on the evaluation of uniconazole as a novel corrosion inhibitor for steel bars utilized in concrete structures.
Notably, this study signifies the pioneering adoption of an agricultural fungicide as a corrosion inhibitor within concrete structures.
This offers a cost-effective and novel option for corrosion inhibition in concrete structures. In this study, steel bars were processed by
various erosion durations and inhibitor concentrations in a Cl -rich SCPS environment. Furthermore, different analytical techniques
were employed to comprehensively explore the corrosion inhibition performance and mechanism of uniconazole. To be specific, the
morphology and hydrophilicity of the steel bars surface were invested by optical microscopy (OM) and contact angle experiments. The
anti-corrosion performance of uniconazole was thoroughly investigated by electrochemical measurements. These measurements
included open circuit potential (OCP), potentiodynamic polarization (PDP), electrochemical impedance spectroscopy (EIS), and Mott-
Schottky (MS) analyses. Additionally, the chemical composition of the film formed on the steel surface was investigated using X-ray
photoelectron spectroscopy (XPS) measurements.

2. Experimental
2.1. Materials and reagents

Uniconazole (AR), purchased from Shanghai Yuanye Bio-Technology Co. Ltd. China, was employed as the corrosion inhibitor in the
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present work. The molecular structure of uniconazole is shown in Fig. 1. The required reagents, including Ca(OH), (AR), NaCl (AR),
and ethyl alcohol were obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. Steel bar (Q235) was selected as the testing
specimen, and its chemical composition is presented in Table 1.

2.2. Preparation of specimens

The specimen used in this study was fabricated from steel bars and was in the form of cylinders with a 4 mm length and a diameter
of 10 mm [30]. To prepare these specimens, a stepwise grinding process was employed, using emery papers ranging from 240 to 1200
grades. Subsequently, the specimens were rinsed with deionized water, subjected to degreasing with ethyl alcohol, and then thor-
oughly dried under ambient room conditions [3]. A copper line was soldered onto one cross-section of the specimen. Moreover, to
protect against corrosion, the soldered cross-section surface and side surface of the specimen was carefully sealed using epoxy resin.
The other cross-section of the specimen, which was exposed to the solution during subsequent tests, retained a working area of 0.785

cmz.

2.3. Corrosion exposure

To simulate the concrete environment, a saturated solution of Ca(OH), was prepared using deionized water and served as the SCPS
[8]. Subsequently, the specimens were immersed in the SCPS for 7 days to facilitate the formation of a stable passive film on the surface
of the steel bar [31]. The OCP of the specimens was measured as a means of confirming the passive state of the steel [32]. To investigate
the anti-corrosion effects of uniconazole, two distinct exposure procedures were devised. Initially, NaCl was introduced into the SCPS,
resulting in a concentration of 0.6 mol/L. The specimens were exposed to this Cl -enriched SCPS (referred to as Cl-SCPS), which
simulated the corrosion process of steel bars in an aggressive environment [3]. This corrosion exposure process was designated as the
reference group and was denoted as the "Blank" group. Furthermore, corrosion inhibitor solutions (CIS) were formulated by adding
various concentrations of uniconazole (1 x 10™* mol/L, 2.5 x 10~* mol/L, 5 x 10~* mol/L, 7.5 x 10~* mol/L,and 1 x 1073 mol/L) to
the CI-SCPS. The specimens were subsequently subjected to exposure under these diverse concentrations of CIS to investigate the
anti-corrosion behavior of steel bars in the presence of uniconazole. These specimens were labeled as CIS-0.1, CIS-0.25, CIS-0.5,
CIS-0.75, and CIS-1.0, respectively.

2.4. Methodology

To ensure reproducibility, a minimum of three replicates were carried out for each measurement. In particular, representative
curves were chosen from repetitions and are depicted in the figures. Furthermore, the test results are presented in the form of figures
accompanied by error bars or as tables displaying the mean =+ standard deviation.

2.4.1. Surface morphology
After an immersion period of 30 days, the surface morphology of the specimens was examined using an optical microscope (OM)
with a magnification of 175x. The microscope model used for the investigation was the Olympus KH7700.

2.4.2. Wettability

To assess the hydrophilic/hydrophobic properties of the specimens treated with/without uniconazole, the water contact angles
experiment was conducted on the specimen’s surface by an optical contact angle measuring device (Kruss DSA30, Germany) at a room
temperature of 25 °C. Before the tests, the specimens were exposed to solutions for 72 h.

2.4.3. Electrochemical experiment
The anti-corrosion performance of uniconazole on steel bars was assessed through a series of electrochemical tests conducted using

® ¢ e o
Cl H C O N

Fig. 1. Molecular structure of uniconazole.
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Table 1
Chemical composition of the steel.
Element C S P Si Mn Fe
wt. % 0.22 0.05 0.045 0.30 0.65 balance

a PARSTAT2273 electrochemical workstation. These tests included OCP, PDP, EIS, and MS experiments. For the electrochemical
measurements, a traditional three-electrode configuration electrochemical cell was employed. The platinum electrode, featuring an
exposed surface area of 4 cm?, was employed as the counter electrode (CE). An improved version of the saturated calomel electrode
(SCE), denoted as model number 217 and manufactured by LeiCi (China, Shanghai), was employed as the reference electrode (RE). It is
noteworthy that this improved version of the SCE incorporates a self-contained salt bridge design, effectively mitigating the potential
direct reactions or interference between the ions present in the solution and the electrode. The test specimen functioned as the working
electrode (WE). PDP, EIS, and MS tests were conducted on the specimen at different exposure durations of 6h, 12h, or 72h in solutions.
Before initiating PDP, EIS, and MS measurements, the WE underwent an additional 30-min stabilization period at the OCP condition to
ensure potential stability. PDP sweeps were carried out with a potential range from —250 mV to 1000 mV versus OCP, using a scan rate
of 0.3 mV/s. EIS experiments were performed at the OCP, employing a sinusoidal potential perturbation of 10 mV and a frequency
range varying from 10° to 102 Hz. The MS tests encompassed a potential range from —1.0Vscg to 0.5Vsc, utilizing a potential step of
20 mV/s and a frequency of 1 kHz. All electrochemical tests were performed under standard room conditions at a temperature of 25 +
1°C.

2.4.4. XPS analysis

The chemical composition analysis of the passive film on the surface of the steel bar was conducted by XPS tests. The tests were
performed using a Thermo Scientific K-Alpha + system, which was equipped with a monochromatic Al Ko X-ray source. The XPS
spectra were calibrated concerning the Cls peak at a binding energy of 284.8 eV, serving as the reference for energy calibration.
3. Results

3.1. Surface morphology

The surface morphology of the specimens was examined after a 30-day immersion in a Blank solution and different concentrations

Fig. 2. Optical graph of steel bar after 30 d immersion in various solutions: (a) Blank, (b) CIS-0.1, (c) CIS-0.5, and (d) CIS-1.0.
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of CIS. As shown in Fig. 2, the surface of the specimens exhibits varying degrees of corrosion pits, providing visual evidence of the
corrosion-inhibiting effect of uniconazole. In the case of the specimen immersed in the solution without uniconazole (Fig. 2(a)), the
surface exhibits pronounced roughness, accompanied by numerous corrosion pits. Conversely, for the specimen subject to CIS with a
concentration of 1 x 10~% mol/L uniconazole (Fig. 2(b)), there is a modest reduction in the number of corrosion pits. Furthermore, as
the concentration of uniconazole in CIS increases from 5 x 10~* mol/L (F ig. 2(c)) to 1 x 1072 mol/L (Fig. 2(d)), the surface of the
specimens progressively becomes smoother, and the quantity of corrosion pits diminishes. These observations suggest that uniconazole
tends to decrease the rate of corrosion reactions and impede the progression of the corrosion process.

3.2. Water contact angle measurement

The water contact angle (6) of the specimen’s surface is an indicator of wettability. If  <90°, indicating that the specimen’s surface
is hydrophilic; whereas if 8 >90°, implying the specimen’s surface is hydrophobic [33,34]. Therefore, the larger the angle, the better
the specimen’s hydrophobicity. Fig. 3 presents the 0 results of the treated specimens by pendant drop method. It can be observed that
the measured contact angle for the Blank specimen is 52.1°, significantly less than 90°. This can be attributed to the corrosive con-
ditions, which result in surface inhomogeneity. As a result, the surface of the steel bar is easily wetted by water molecules and exhibits
a hydrophilic property. Alternatively, the contact angles recorded for the specimens retrieved from the corrosion inhibitor are found to
be 73.1°, 79.5°, 84.4°, 89.1°, and 93.4° for CIS-0.1, CIS-0.25, CIS-0.5, CIS-0.75, and CIS-1.0, respectively. It can be observed that the 0
of the treated specimens demonstrates an increasing trend. Moreover, the higher the concentration of uniconazole, the larger the 6 of
specimen’s surface, indicating that the hydrophobicity of the specimens’ surface is enhanced by the presence of uniconazole molecules.

3.3. Open circuit potential monitoring

The initiation and progression of the corrosion process, as well as the influence of anodic or cathodic mechanisms, can be pre-
liminarily assessed by the variation of Eqcp [27,28]. Fig. 4 presents the Eqcp-Time results for the specimens exposed to various so-
lutions. The readings of all specimens exhibit significant downward trends and fluctuations during the initial immersion period (0 h-6
h). This observation indicates the initiation and progression of the corrosion process, nevertheless, after 6 h, the stable Eqcp values
indicate a steady state between the proceeding of the corrosion process and the deposition of corrosion products [1].

As depicted in Fig. 4, the Egcp of the specimen subjected to the Blank exposure process exhibits pronounced fluctuations. Even after
a 6-h immersion, the Egcp value continues to decrease, indicating an ongoing progression of corrosion. In contrast, for the specimens
immersed in the solution containing uniconazole, the fluctuations of Eqcp are significantly reduced compared to the Blank specimen,
suggesting the formation of an adsorbed film on the specimen’s surface. Furthermore, as the concentration of uniconazole increases,
the potential fluctuations diminish, and the time required to reach a steady state decrease. These observations indicate that more
uniconazole molecules adsorb onto the steel surface, forming a denser and more stable surface film.

In particular, with the addition of uniconazole, the Eqcp values of the specimen shift towards more anodic. This observation
suggests that the uniconazole molecule is more dominant in the anodic reaction rather than in the cathodic reaction.

3.4. Potentiodynamic polarization

PDP plots of the specimens exposed to various solutions for 6 h are displayed in Fig. 5. To demonstrate the trends of PDP curves,
only a selection of the specimens’ PDP curves is presented. The electrochemical parameters obtained from the PDP curves using
Cview?2 software are summarized in Table 2. These parameters encompass the corrosion potential (Ecor), corrosion current density
(icorr), Tafel slope of the anode (f,) and cathode (), pitting potential (E,;), and corrosion efficiency (7). The icorr values are calculated
by extrapolating the linear region of the curves near the Tafel region to the corresponding E... The 7 is calculated using the following
equation:
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Fig. 3. Water contact angle of specimens after 72h immersion in various solutions.
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Fig. 4. OCP evolution for steel bar during the first 6 h of exposure to various solutions.
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Fig. 5. PDP results of steel electrodes exposed in various solutions after 6h immersion.

Table 2

Corrosion kinetic parameters of steel electrodes processed by different exposure processes for 6 h.
Exposure process Epir (mV s 5cE) Ecorr (MV s 5cE) icorr (HA/cm?) fc (mV/dec) fa (mV/dec) 1 (%)
Blank —-360 + 13 —518 + 38 293 +0.7 —303 + 24 175 £ 18 -
CIS-0.1 —241 + 24 —472 + 21 1.31 £ 0.3 —-311 + 16 195 + 22 55.3
CIS-0.25 —209 +9 —431 + 30 0.89 + 0.2 —309 + 17 205 + 21 69.8
CIS-0.5 —-163 + 11 —380 + 22 0.47 £ 0.1 —-319+11 234 + 15 83.9
CIS-0.75 —88+3 —-329 £ 19 0.36 £ 0.1 —322+ 14 249 + 22 87.8
CIS-1.0 —1+4 —286 + 13 0.22 £ 0.1 —326 + 10 267 + 16 92. 6

[
(%) =-2—" % 100 1)
lcorr

where i’corr represents the corrosion current density of the steel electrodes in the Blank solution without uniconazole, and i rep-
resents the corrosion current density of the steel electrodes in the CIS with uniconazole [35].

As observed from Fig. 5, all PDP curves show a passive zone in the anodic region. Within this passive zone (before reaching the
point of Epy), a relatively low current density is maintained. This is attributed to the spontaneous passivity exhibited by the steel bar in
SCPS. In an alkaline environment like SCPS, a solid and protective oxide layer forms on the surface of the steel bar, providing resistance
to anodic dissolution in the passive region. Beyond the point of E;, there is a sudden increase in the current density, owing to the
breakdown of the passive film and the formation of corrosion pits. The presence of HoO and Cl™ close to the steel surface can induce the
dissolution of the passive layer. Consequently, the concentration of CI” on the steel surface plays a crucial role in determining the
magnitude of Ey;;. As shown in Table 2, the incorporation of uniconazole results in a significant increase in Ej;; compared to the Blank
specimen, accompanied by a marked reduction in current density. These results indicate the inhibitory impact of uniconazole on the
steel bar. It is attributed to the replacement of HoO and Cl from the film/metal interface by the uniconazole through the absorption-
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substitution mechanism.

As illustrated in Fig. 5 and Table 2, the specimen exposed to the solution without the uniconazole exhibits the lowest E,, and the
highest i.,r. In contrast, the specimens treated with solutions containing uniconazole show a positive shift in E.,, and a narrower range
of icorr. These findings indicate the effective adsorption of uniconazole molecules onto the steel surface, thereby, uniconazole covers a
greater surface area and hinders the electron flow toward the steel surface. Furthermore, as the concentration of uniconazole increases,
the specimens demonstrate higher E.,, and lower i.,,. This observation suggests the formation of a denser protective film on the steel
surface, which effectively mitigates the chemical attack from corrosive media. That is to say, the presence of this adsorbed film acts as a
barrier, reducing the susceptibility of the steel surface to corrosion.

Furthermore, compared to the specimen immersed in the blank solution, the slopes of both pa and fc for the specimens undergo
significant changes upon the introduction of uniconazole. This indicates that the adsorption of uniconazole on the steel surface affects
both the anodic and cathodic reactions. In other words, uniconazole inhibits the oxidative dissolution of iron in the anodic region as
well as the oxygen reduction in the cathodic region. Particularly, the value of fa exhibits more pronounced fluctuations compared to fic
concerning the Blank specimen. This suggests that uniconazole can be classified as a mixed-type corrosion inhibitor with a predom-
inant anodic action.

175 ‘ 10° 130
(a) = Blank (b) o = Blank
150 ® CIS-0.1 : ® 0l
s A CIS-05 10°¢ A aso0s (100 5
B *  CIS-1.0 o ‘ * CIS-1.0 4
. o
émo- —— Fitted data E 10l : i — Fitted data] 79 2
- : : PN = <
2 5l S £ = -
g =10t 440 %
50 N : 2
5 = P ! £
25 10 e | TEEEEIER 10"
A ———
0 . i i 1072 L i ; ; ; : ; ; 220
0 25 50 75 100 125 150 175 102 107 10° 10' 102 10° 10° 10° 10°
Zre (k2-cm”) Frequence (Hz)
70 T — 3
(c) =  Blank 1 () = Blank
60 - ® CIS-0.1 E e CIS-0.1
o~ 50F A CIS-05 107} A CIS05 (100 o5
= . *  CIS-1.0 o : » 1 *  CIS-1.0 £
S 20 —— Fitted data| S 1 [ memg g SR &% | —— Fitted data 5
X 30+ . ] o
2 g | z
gy =10 140 2
N 0 i N 2
N ol ‘ \
3 / 107! a8 L A . SR S BT R
0r oo CUUT0.01HZ .
L 0.01Hz 1
_10 i ! ! 1 L 10-2 | ol ol A L ul L i =20
10 0 10 20 30 40 ;0 60 70 102 107 10° 10' 102 10° 10° 10° 10°
Zre (kQ-cm”) Frequence (Hz)
30+ (e) = Blank 10° 130
e CIS-0.1 f) .| ® Blank
.4"*25 - A CIS-05 ol e CIS-0.1 o
ol * CIS-1.0 - & OIS0 B
@ —— Fitted data )" o e &
G sl S 10 A TR | Fitted dataj7g 5
< & | 3
oo
Eof < o} {40 &
N N 2
o ~- ' - 3 f
0 ‘ 0.0IHZ 10-1 P e e 10 :
L i 01'01Hzl J 1 1 =
102 L 1 H H H H . ; 220
0 5 10 15 20 25 30 R T
Zre (kQ-cm”) Frequence (Hz)

Fig. 6. Nyquist and Bode plots of steel bars exposed in Blank solution or CIS with different durations: 6h (a, b), 12h (c, d), and 72h (e, f).
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As per the data presented in Table 2, when comparing the specimen processed with the Blank process, the 5 of the specimen
immersed in the CIS shows an ascending trend. This result further indicates that uniconazole exhibits a significant corrosion inhibition
capability, and this effect becomes more pronounced as the concentration increases. The maximum inhibition efficiency, exceeding
90.0 %, is achieved at a uniconazole concentration of 1 x 10~> mol/L.

3.5. Electrochemical impedance spectroscopy

The EIS results of steel electrodes exposed to different solutions for 6h, 12h, and 72h are presented in Fig. 6, displaying Nyquist
plots and Bode plots. To highlight the EIS trends, only selected curves of the specimens are presented. The obtained results showed that
there is only one capacitive loop in the Nyquist plot, furthermore, the Bode plot reveals a single time constant. Such appearance in
Nyquist and Bode plots is attributed to charge transfer controlled phenomenon [33]. Thus, it can be said that the uniconazole mol-
ecules undergo a charge transfer-controlled phenomenon.

In Nyquist plots, the diameter of the capacitance arc is closely associated with the corrosion inhibition performance of inhibitors. It
is worth noting that an increase in the diameter of the capacitance arc indicates a more uniform and denser adsorbed film, which
suggests enhanced corrosion protection. As depicted in Fig. 6(a—c, e), it can be observed that the specimens immersed in Blank solution
show the lowest diameter of the capacitance arc. It is attributed to the effect of Cl", which destroys the passivation film on the specimen
surface. Correspondingly, specimens subjected to the CIS treatment exhibit a discernible augmentation in the capacitance arc’s
diameter, with this augmentation being directly proportional to the escalating concentration of uniconazole. This observation in-
dicates that uniconazole effectively retards the corrosion process of steel bars. It can be attributed to the adsorption of uniconazole
molecule, which blocks the active sites of the steel rebar surface. Additionally, the diameter of the capacitance arc gradually decreases
with prolonged exposure duration, particularly for the specimens immersed in the solution without uniconazole. This decreased trend
suggests the penetration of corrosive media through the passive film. Conversely, for the specimens treated with the solution con-
taining uniconazole, the diameter of the capacitance arcs remains at a relatively high level throughout the exposure duration, indi-
cating that the stability of the passive film may be preserved by the presence of uniconazole molecules. In accordance with previous
literature [36], the slopes of the capacitance arc observed at medium frequency are associated with the resistance of the adsorbed film.
In Fig. 6, it is evident that the slopes of the capacitance arc at medium frequency are significantly higher for specimens treated with
inhibitors in comparison to those without inhibitors. This observation suggests the formation of a more intact adsorbed film in the
presence of inhibitors. Furthermore, the Bode plots depicted in Fig. 6(b—d, f) reveal that both the modulus and phase angle gradually
increase with the increment of uniconazole concentration. This upward trend also indicates a corrosion inhibitory effect of uniconazole
on the steel surface.

The EIS plots (Fig. 6) were fitted using the equivalent circuit (EC) model with ZSimpWin software. The fitted results are presented
in Table 3. The EC model is commonly employed to simulate the electrochemical behavior of steel in an alkaline environment [30], as
depicted in Fig. 7. The EC model consists of several components. R represents the resistance of the electrolyte solution. Q; and R;
represent the capacitance and resistance of the passive-adsorbed layer, respectively. These parameters are primarily associated with
the redox reactions occurring within the passive-adsorbed layers [37]. Qq) corresponds to the double-layer capacitance, which arises
from the formation of an electrical double-layer when molecules are adsorbed or complexed on the steel surface. R represents the
charge transfer resistance.

In the EC model, the parameters Q; and Qg are substituted by a constant phase angle element (CPE), with the impedance Zcpg

Table 3

Fitting parameters of the steel processed with various exposure processes.
Exposure process R, (Q/cm?) n, C; (pF/cmZ) R; (kQ/cm?) ng Ca (pF/cmZ) Ret (kQ/cm?) n (%)
6h
Blank 19.72+1 0.94 + 0.03 34.69 £ 5 12.26 + 2 0.76 + 0.01 88.61 + 10 759 +1 -
CIS-0.1 2454 +3 0.96 + 0.01 18.16 + 3 36.13 £ 2 0.72 +£ 0.01 80.37 £ 7 16.15+ 2 53.00
CIS-0.25 22,98 + 2 0.98 + 0.01 16.94 + 3 49.57 £ 6 0.75 + 0.02 7237 £8 28.56 + 2 73.42
CIS-0.5 28.44 + 4 0.98 + 0.02 12.58 + 4 63.82+5 0.80 = 0.04 67.93 +£7 30.81 +2 75.37
CIS-0.75 29.05+5 0.98 + 0.01 10.26 + 2 7591 +£9 0.82 £+ 0.02 68.49 + 2 69.51 £ 5 89.08
CIs-1.0 33.39+6 0.99 + 0.03 8.09+1 82.00 £7 0.69 + 0.02 66.25 £ 5 88.45 + 3 91.42
12h
Blank 16.87 + 4 0.93 = 0.04 36.07 £ 4 9.81+1 0.70 = 0.03 104.34 £ 4 421 +1 -
CIS-0.1 18.77 £ 2 0.96 + 0.02 21.69 +£5 17.26 + 2 0.73 £ 0.01 89.10 £ 7 877 £1 52.00
CIS-0.25 20.69 + 3 0.97 + 0.02 20.06 + 2 2234 £2 0.76 + 0.02 87.12+6 12,59 + 3 66.56
CIS-0.5 20.85+1 0.97 + 0.02 20.85 £ 2 29.51 £2 0.75 + 0.02 80.11 £ 3 15.78 £ 2 73.32
CIS-0.75 23.56 +£ 3 0.99 + 0.04 1859 +1 38.12+4 0.74 + 0.03 81.17 £ 8 2221 +2 81.04
CIs-1.0 2313+ 4 0.98 + 0.01 1541 +3 46.76 £ 3 0.76 + 0.01 81.03 +£7 3042+ 5 86.16
72h
Blank 20.10 £ 2 0.92 £+ 0.03 52.25+6 271 +1 0.66 + 0.02 138.59 £ 11 374 £1 -
CIS-0.1 21.62+1 0.93 £+ 0.02 22.62 + 4 499 +1 0.64 + 0.02 113.50 £ 8 7.56 £ 1 50.53
CIS-0.25 23.01 +£3 0.93 £ 0.03 21.84 £3 7.05 + 2 0.72 £ 0.01 101.94 £ 9 9.63 + 2 61.16
CIS-0.5 2290 + 3 0.93 + 0.03 18.77 + 2 9.26 +1 0.77 = 0.03 89.96 +7 13.70 + 5 72.70
CIS-0.75 2258 + 4 0.94 + 0.01 15.66 + 2 10.01 =2 0.70 £+ 0.04 86.39 £ 6 20.58 + 4 81.83
CIs-1.0 2411 £ 2 0.95 + 0.02 13.25+2 10.94 + 2 0.64 + 0.04 8295 +8 2511 +£3 85.11
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Fig. 7. Equivalent circuit (EC) model.

expressed as below:

Zers(Yo) ™ Giw) ™" = (Yo) ™ (w)™" (cos % —jsin %) @
where Y, represents the basic admittance, j represents the imaginary unit, ® represents the angular frequency (o = 2=f), and n rep-
resents a constant [38]. Notably, the value of n ranges from O to 1: when n = 0, the CPE behaves like a resistor, when n = 0.5, the CPE
behaves like a Warburg impedance, and when n = 1, the CPE behaves like a capacitor [39]. Upon reviewing the fitted parameter values
presented in Tables 3 and it can be observed that n < 1, which signifies that the CPE does not exhibit pure capacitance behavior.
Consequently, the effective capacitances (C; and Cq)) were calculated using the Brug equation, as shown in eq. (3) [30]:

n=1

171 1\ 7"
cn(i ) o
is ip

where Rj; represents the series resistance, and R, represents the parallel resistance concerning the CPE.

The formation of the passive-adsorbed layer on the steel surface is attributed to the redox reactions involving iron ions, and the
extent of this process can be evaluated by the quantity of charge transfer. The quantity of charge transfer is directly related to the value
of the passive-adsorbed layer capacitance (C;), and this relationship can be mathematically expressed as follows [40]:

dao

C1:QE

(C))
where q represents the total amount of charge that can transform within the passive-adsorbed layer, while 6 denotes the degree of
transformation at a specific electrode potential. As shown in Table 3, at the same immersion duration, the value of C; presents a
tendency to decrease with the increased concentration of uniconazole. This observation can be explained by the adsorption mechanism
of uniconazole, which results in a significant reduction of the transformable charges.

As is known, the parameter R; is closely associated with defects (such as pores) within the passive and adsorbed film. These defects
serve as direct pathways for the migration of ions and electrons. Consequently, the value of R; is directly correlated with the number of
such defects present within the passive-adsorbed layer. Based on the data presented in Table 3, the Blank specimen exhibits the lowest
value of Ry, indicating an inadequately protective passive film on the surface of the steel bar. In contrast, the values of R; demonstrate
an increasing trend with the increasing concentration of uniconazole. This phenomenon can be attributed to the presence of uni-
conazole molecules, which lead to the formation of a thicker and more resistant passive-adsorbed layer on the steel surface. Conse-
quently, the penetration of corrosive media into the substrate steel is effectively hindered. Moreover, the value of R; for each specimen
decreases with the prolonged immersion duration, suggesting that the passive-adsorbed layer gradually becomes more susceptible to
penetration by corrosive media.

In accordance with the Helmholtz model, the thickness and capacitance of the double layer are interrelated and can be described by
the following equation [41]:

808

Ca= i N )

where ¢° represents the vacuum dielectric constant, € refers to the dielectric constant of the electrolyte within the capacitor, S rep-
resents the exposed surface area of the working electrode, and d represents the thickness of the double layer. Based on the data
presented in Table 3, with the addition of uniconazole, the Cg of the specimens shows a decreasing trend. This observation can be
attributed to the replacement of corrosive media at the metal-solution interface by uniconazole molecules, leading to an increase in the
thickness of the double layer. Additionally, as the immersion time increases, the Cqj tends to increase. This phenomenon is ascribed to
the gradual penetration of corrosive media into the steel surface, resulting in an increase in the exposed surface area and a decrease in
the thickness of the double-layer.
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Derived from the findings delineated in Table 3, a salient observation emerges as the Blank specimen manifests the lowest R value,
signifying an inadequately protective oxide layer on the surface of the steel bar. Conversely, the R, value of the electrodes immersed in
CIS displays an increasing trend, indicating the corrosion-inhibiting properties of uniconazole. This phenomenon can be attributed to
the adsorption of uniconazole, which develops a protective film on steel surfaces. Thus, an additional resistance owing to the
adsorption of uniconazole is referred to as film resistance. Furthermore, with the prolongation of the immersion duration, the R
values of all specimens exhibit a decreasing trend, suggesting that the specimens are gradually corroded under the attack of corrosive
media.

To further demonstrate the inhibitory effect of uniconazole, the inhibition efficiency (n%) of different concentrations of uni-
conazole at various immersion durations is calculated using the following equation:

ne=Ra R 100 ©)
R
where R¢; and R& represent the charge transfer resistance with and without uniconazole, respectively. As presented in Table 3, the
highest n% reaches 91.42 %. The results further reveal that uniconazole shows a significant corrosion-inhibiting property on the
surface of the steel bar. The values obtained from EIS measurement are found to be in the same trend as obtained from the PDP study. It
is evident that the results obtained from both these techniques are corroborating well.

3.6. Semiconducting property

The passive film on the surface of the steel, consisting of iron oxides, exhibits semiconducting characteristics. To investigate the
semiconducting behavior of the passive film, capacitance measurements were conducted. The specimens, which were immersed in CIS
with different concentrations of uniconazole for a duration of 72h, were subjected to measurements. The results of MS plots are
depicted in Fig. 8. The negative slope observed in MS plots (at the potential beneath —0.8 Vs scg) indicates a p-type semiconducting
oxide layer [42]. Meanwhile, the positive slope observed in MS plots (within the potential ranges from —0.6 Vg scg to 0.5 Vys. scg)
refers to an n-type semiconducting oxide layer [43].

The measured capacitance (C) and electrode potential (E) conform to the MS equation, which accommodates the series combi-
nation of the space charge depletion layer (Cs.) and the Helmholtz layer (Cqj) [44], as elucidated by eq. (7). It is important to note that
the space charge depletion layer comprises anionic vacancies and iron bases, whereas the adsorption of uniconazole molecules onto the
passive film induces the formation of the Helmholtz layer through physical or chemical interactions.

T
265 0)
N 47

1
+—  p — type semiconductor

1 1 1 eeoqNA Cd[
L %)
C CSC Cdl kT
oe-en-T)
q .
—— =22 4+ — n— type semiconductor
eeogNp Ca P

In general, Cqj is much higher than that of Cy. and can be neglected. Thus, the MS equation can be simplified as follows [45]:

5 —

- &k FtLme | | % Blank |

1210, 1 1} = C1s-01FieLine | W CIS-0.11

- SV — cis-05FitLine | | @ CT8-0.5]

vE 9010 ixl(l" — CIS-1.0 Fit Line” | ‘ A CIS-1.0

NQ ; A"*

%. 1x10° ‘
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Fig. 8. MS plots of the oxide layer on the steel surface after a 72h immersion in different exposure processes.
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where Epp represents the flat band potential, which is determined by the intersection of the fitting line with the X-axis. The parameter k
denotes the Boltzmann constant (k = 1.38 x 10723J/K), T represents the absolute temperature, q represents the elementary charge (q
=1.602 x 1071°C), e represents the dielectric constant of the passive film (e = 15.6), and e represents the vacuum permittivity (eg =
8.854 x 10~ '*F/cm). Furthermore, N and Ny, correspond to the acceptor density and donor density, respectively. The values of N and
Np were determined through the fitting analysis of the negative (—1.0 to —0.8 Vs, scg) and positive (—0.6 to 0.0 Vs scg) slopes, as
illustrated in the enlarged section of Fig. 8.

The computed parameters derived from the MS analysis are presented in Table 4. Examination of the table reveals a trend wherein
the concentrations of uniconazole exhibit an inverse relationship with both Np and Na. Notably, Np plays a significant role in
determining the stability of the passive film, as a higher Ny, value indicates a more susceptible passive film to corrosion. Consequently,
the decrease in Np values with the increasing concentration of uniconazole in CIS implies the effective corrosion inhibition induced by
the presence of uniconazole molecules, safeguarding the steel bar against corrosive processes.

According to Freire [40], Fe(Il) is identified as the primary donor for the passive film formed on steel bars in an alkaline envi-
ronment. Hence, the decrease in Np, can be attributed to a reduction in the Fe(II) content within the passive film. The decrease in Fe(II)
content is likely a consequence of the interaction between the uniconazole molecules and Fe(II) when they adsorb onto the passive
film.

3.7. Chemical composition of the passive-adsorbed layer

The chemical composition of the passive-adsorbed layer plays a significant role in determining the corrosion resistance of steel bars.
To gain insights into the inhibitory mechanism of uniconazole on steel bars immersed in CIS, the valence state of iron ions and nitrogen
atoms within the steel’s passive-adsorbed layer was investigated using XPS. The specimens were immersed in CIS with varying con-
centrations of uniconazole for a duration of 72 h. The XPS survey spectra of the specimens are presented in Fig. 9. As depicted in the
figure, the spectra of the specimen treated with the Blank solution exhibit recognizable peaks corresponding to the Cls, Ols, and Fe2p
regions. Moreover, the presence of the N element can be observed on the specimens treated with CIS, indicating the adsorption of
uniconazole molecules on the steel’s surface. This observation can be ascribed to the adsorption mechanism.

The Fe 2ps3/, spectra of the steel surface were acquired following a 72-h exposure to different solutions, as shown in Fig. 10. These
Fe 2p3/, spectra were deconvoluted into three distinct contributions: Fe’ (706.8 eV) [46], Fe(ll) oxide (709.6 eV) [47], and Fe(II)
oxide (711.5 eV) [48]. Fig. 10 portrays the variations in the iron ion species within the passive-adsorbed layer of the steel bar, as
influenced by different concentrations of uniconazole.

It is well-known that XPS has a detection depth limit of 10 nm. Therefore, the presence of Fe’ in the results suggests that the
thickness of the passive-adsorbed layer is below this 10 nm threshold. The decrease in Fe® content indicates an increase in the thickness
of the passive-adsorbed layer, comprising both a passive film and an adsorbed film, thereby establishing a double protective layer.
Based on the observations delineated in Fig. 11, the gradual reduction in Fe® content due to the introduction of uniconazole implies the
adsorption of uniconazole on the steel surface, leading to the formation of a thicker protective layer.

In comparison to the specimens treated with the Blank solution, the incorporation of uniconazole induces alterations in the
chemical composition of the passive-adsorbed layer on the steel surface, as depicted in Fig. 11. Firstly, the specimens treated with CIS
exhibit a notable reduction in the Fe(II) content, which aligns with the observed decrease in donor density in the MS plots.
Furthermore, there is a noteworthy increase in the Fe(III) content, transitioning from 34.51 % to 65.87 %. This variation can be
attributed to the chemisorption of uniconazole on the steel surface, leading to the formation of Fe-uniconazole compounds. Conse-
quently, the proportion of iron oxide content within the passive film undergoes a discernible transformation.

In accordance with prior research findings [15,49], an increase in the Fe(II) content within the passive-adsorbed layer results in the
generation of a higher number of oxygen vacancies within this layer, thus upholding charge equilibrium. This, in turn, enhances the
stability of the passive film, as indicated by an increasing Fe(III)/Fe(II) ratio. In the current investigation, the Fe(III)/Fe(Il) ratios for

Table 4

MS parameters of the passive film on steel after 72h immersion in various exposure processes.
Exposure process p-type semiconductive n-type semiconductive

Egp (V) Na (10*'em™3) R? Eg, (V) Np (10*'em ™) R?

Blank —0.62 £ 0.02 15.84 + 1.5 0.97 —0.71 £ 0.01 4.89 £+ 0.5 0.99
CIS-0.1 —0.69 £+ 0.03 10.04 + 2.0 0.97 —0.70 = 0.02 412+ 0.8 0.98
CIS-0.5 —0.65 £+ 0.02 7.13+0.8 0.99 —0.74 + 0.02 3.64 £0.1 0.99
CIS-1.0 —0.69 £ 0.02 4.25 + 0.2 0.99 —0.71 £ 0.01 2.75+0.1 0.99
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Fig. 9. XPS survey spectra of the steel bar treated by different processes after 72 h of immersion.
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Fig. 10. High-resolution Fe 2p3,, spectra for steel after 72 h immersion in different exposure processes.

the specimens treated in solutions with varying uniconazole concentrations of 0, 0.1 x 10—4, 0.5 x 10—4, and 1.0 x 10—4 mol/L are
calculated to be 0.65, 2.19, 2.58, and 2.71, correspondingly, demonstrating an increasing trend. Consequently, the stability and
thickness of the passive film are enhanced with the increase in uniconazole concentration.

The narrow scan spectra of N 1s on the surface of the steel bar are subjected to analysis. The N 1s spectrum can be fitted to the peaks
at 399.9 eV and 407.1 eV (Fig. 12). These peaks are attributable to the = N- [8,50] and the bond between N heteroatoms and C atoms
[51] of uniconazole molecule. Notably, the response of these peaks exhibited a direct correlation with the concentration of uni-
conazole. It is noteworthy that the intensity of these peaks displayed an ascending trend with the increasing concentration of uni-
conazole. This observation provides further evidence of the adsorption of uniconazole on the steel surface and the
concentration-dependent increase in the thickness of the adsorbed layer. This observation furnishes additional substantiation for
the phenomenon of uniconazole adsorption on the steel surface and the concurrent concentration-dependent augmentation in the
thickness of the adsorbed layer.

4. Comparative analysis of similar inhibitors
Currently, there is a wide variety of corrosion inhibitors. In order to provide a clearer elucidation of uniconazole’s advantages,
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Fig. 11. Variations about iron ion on the passive-adsorbed layer of steel processed by various exposure processes after 72 h immersion.
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Fig. 12. High-resolution N 1s spectra for steel immersed in various solutions after 72h.

Table 5
Comparative of the similar inhibitors.

394 396 398 400 402 404 406 408 410

Binding Energy (eV)

Property Traditional corrosion inhibitors

Innovative corrosion inhibitors

TEA, BTA, and their derivatives, etc.

Biopolymers, ionic liquids, fatty acids, plant extracts, etc. Uniconazole

Inhibition efficiency
Environmental friendliness Harmful [17]
Health hazards to humans Harmful [15]
Production complexity /
Cost /

Medium [18,52]

High [24,53]
Friendly [27]
Friendly [28]
Complex [25,26]
High [25,26]

High
Friendly [29]
Friendly [29]
Easy [17]
Low [17]

Table 5 compares the properties of various corrosion inhibitors (including traditional ones, newly highlighted inhibitors in recent
years, and uniconazole) across different aspects.

According to Table 5, uniconazole demonstrates unique advantages such as ease of production, cost-effectiveness, environmental
friendliness, and high inhibition efficiency. These attributes encompass all the characteristics required for large-scale concrete
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engineering. This suggests that uniconazole, an agricultural fungicide, holds promising potential for widespread adoption as a
corrosion inhibitor in concrete structures.

5. Discussion

Within concrete structures, which often exhibit an alkaline environment, steel bars spontaneously undergo the formation of a thin
and compacted passive film. This passive film, primarily consisting of iron oxides, functions as a protective barrier, effectively pre-
venting direct interaction between the steel bars and aggressive media such as Oz, HyO, and others present in the surrounding
environment. However, when the steel bars are exposed to these aggressive environments, an electrochemical cell is initiated,
comprising an anode region and a cathode region:

Anode reaction:

Fe — Fe*™ + 2¢ 9
Cathode reaction:
05 + 2H,0 + 4e — 40H (10)

In a chloride-rich environment, CI” can permeate the concrete matrix, thereby instigating a chemical reaction with the passive film
present on the steel bar surface [54]:

Fe>* + 2 CI™ — FeCly a1
2FeCl, + 4 OH — 2Fe(OH), + 4 CI™ (12)
6FeCl, + O, + 6H,0— 2Fe304 + 12HT+12 CI” 13)

Based on the reactions delineated above, it is noteworthy that the free CI” function exclusively as catalysts at the surface of steel
bar, undergoing repeated interactions with the steel substrate. The introduction of CI" disrupts the stability of the passive film,
consequently leading to the exposure of the underlying steel substrate.

These electrochemical reactions initiate a corrosion process in the steel bars. It is important to note that corrosion exhibits a self-
propagating process, wherein its progression tends to accelerate over time. Iron oxides present on the steel surface exhibit a strong
affinity for CI". The affinity serves to augment the corrosion process, culminating in heightened exposure of the steel bar and an
escalated rate of corrosion. This progressive corrosion ultimately results in the deterioration of the reinforced concrete structure.

Based on the findings of this study, it is evident that the incorporation of uniconazole within the CI-SCP exhibits a proficient in-
hibition of steel bar corrosion. This favorable outcome can be attributed to the adsorption mechanism, which can be discerned from the
experimental results derived from PDP, EIS, and XPS analyses. The distinctive molecular structure of uniconazole, characterized by its
abundance of N atoms and aromatic segments, facilitates the adsorption process and the consequent establishment of an adsorption
film on the steel bar surface. The adsorption mechanism of uniconazole onto the steel surface in a corrosive environment is depicted in
Fig. 13. It is well-established that the dielectric constant of the organic molecules is lower in comparison to that of both HoO and CI . As
a result, uniconazole molecules are capable of adsorbing onto the steel surface, displacing the previously adsorbed H2O and CI . The
adsorbed uniconazole molecule act as an inhibitive barrier, effectively retarding or preventing the corrosion reactions taking place at
the steel solution interface. Consequently, the thickness of the electrical double layer increases and the corrosion process slows down.
Moreover, as the concentration of uniconazole molecules increases, a greater number of uniconazole molecules become available for
adsorption on the steel bar surface. This expanded coverage of the surface area results in enhanced inhibition efficiency. The
adsorption mechanism of the uniconazole molecules may occur in the following forms.

(1) Physisorption

From a molecular charge density perspective, uniconazole exhibits a predominant concentration of valence electron cloud around
its heteroatoms (N, O, and Cl) and conjugated double bonds. This molecular characteristic contributes to a robust electrostatic
adsorption phenomenon on the surface of the steel bar. Additionally, the presence of large n-bonds within the benzene ring of uni-
conazole facilitates the polar adsorption of the molecules onto the steel surface [10]. Consequently, an adsorbed film composed of
uniconazole molecules forms on the steel surface, leading to an improvement in the quality of the passive film.

(2) Chemisorption

On the other hand, the variations in the content of different valence states of iron ions on the passive-adsorbed layer, as confirmed
through XPS analysis (Fig. 11), provide compelling evidence for the occurrence of chemisorption. This phenomenon arises due to the N
atom within the azole structure of uniconazole, which possesses numerous lone pair electrons capable of donating electrons to the
empty d orbital of Fe atoms. Thus, resulting in the formation of donor-acceptor complexes. Furthermore, the aromatic segments of
uniconazole can both donate and accept electrons from the Fe atoms, further enhancing the chemisorption process. In essence, the
chemisorption induced by uniconazole molecules leads to the formation of insoluble Fe-uniconazole compounds on the surface of the
passive film. Consequently, the presence of uniconazole molecules facilitates the development of a thicker and more integrated
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Fig. 13. Schematic diagrams of the inhibition mechanism of uniconazole for steel bar.

adsorbed film on the steel surface.

In summary, uniconazole molecules may exhibit both physisorption and chemisorption bonding with the steel surface. The uni-
conazole molecules, along with the formed Fe-uniconazole compounds, create a protective barrier on the steel surface. This barrier
effectively impedes the ingress of corrosive media such as O,, Cl , and H20, thereby impeding the cathode reaction (described in Eq.
(10)). Furthermore, the presence of uniconazole molecules leads to a state of equilibrium with the Fe ions, resulting in a stabilized
condition. In this state, the affinity of Fe ions towards Cl” is reduced [37]. As a result, the penetration of CI becomes more challenging,
thus slowing down the reaction rate of iron dissolution triggered by CI” [7]. In other words, the anodic reaction depicted in Eq. (9) is
mitigated.

The preceding discussion on the adsorption forms of uniconazole (physisorption and chemisorption) is based on inferences drawn
from electrochemical test results and XPS analysis. Further confirmation of its corrosion inhibition mechanisms is imperative from the
perspective of uniconazole’s electronic and molecular properties [33,55]. For instance, investigating the modes of interaction between
uniconazole (electronic and molecular) and steel surfaces, as well as the adsorption mechanism that uniconazole exerts on the steel
surfaces at both the electronic and molecular levels. To address these issues, the next stage of research will involve a more compre-
hensive analysis using molecular dynamics methods to explore the corrosion inhibition mechanism of uniconazole from electronic and
molecular viewpoints.

6. Conclusions

The uniconazole, as a kind of highly efficient and environment-friendly corrosion inhibitor on steel surfaces in Cl-SCPS, was
investigated by OM, electrochemical measurements, adsorption isotherm, and XPS. The conclusions drawn from the study can be
summarized as follows.

(1) Uniconazole demonstrates corrosion inhibition properties on the steel surface in Cl-SCPS. The effectiveness of inhibition in-
creases with the concentrations of uniconazole, while it decreases with prolonged immersion duration. The maximum inhibition
efficiency, exceeding 90 %, is achieved at a concentration of 1 x 10~ mol/L.

(2) Uniconazole acts as a mixed-type inhibitor, effectively inhibiting both the oxidative dissolution in the anodic region and the
oxygen reduction in the cathodic region of the steel bar.

(3) The adsorption of uniconazole molecules on the steel surface results in the formation of an adsorption film, which effectively
impedes the penetration of corrosive media and provides protection to the base metal.

(4) The interaction between uniconazole and steel surface results in the formation of Fe-uniconazole compounds. This phenomenon
reduces the donor density and facilitates the subsequent oxidation process from Fe(II) to Fe(III). Consequently, a thicker and
more stable passive-adsorbed layer is formed on the steel surface.
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